Summary. The effects of combined insulin and Sulfonylurea therapy on glycaemic control and B-cell function was studied in 15 Type 2 (non-insulin-dependent) diabetic patients who had failed on treatment with oral hypoglycaemic agents. The patients were first treated with insulin alone for four months. Five patients were given two daily insulin doses and ten patients one dose. During insulin treatment the fasting plasma glucose fell from 14.5 ___ 0.8 to 8.8 ___ 0.4 retool/1 and the HbA1 concentration from 12.6+0.4 to 9.2+0.2%. This improvement of glycaemic control was associated with a suppression of basal (from 0.31+0.04 to 0.10+0.02 nmol/1) and glucagon-stimulated (from 0.50+0.08 to 0.19+0.04nmol/1) C-peptide concentrations. Four months after starting insulin therapy the patients were randomised to a four-month double-blind cross-over treatment with insulin combined with either 15 mg glibenclamide per day or with placebo. Addition of glibenclamide to insulin resulted in a further reduction of the fasting plasma glucose (7.9___ 0.5 mmol/1) and HbA1 (8.3 ___ 0.2%) concentration whereas the basal (0.21 + 0.03 nmol/1) and glucagon-stimulated C-peptide concentrations (0.34___ 0.06 nmol/1) increased again. Addition of placebo to insulin had no effect. The daily insulin dose could be reduced by 25% after addition of glibenclamide to insulin, while it remained unchanged when insulin was combined with placebo. The fasting free insulin concentration did not differ between the glibenclamide and placebo periods (28 + 6 vs 30+5 mmol/1). The fasting free insulin concentration correlated, however, positively with the insulin dose (r= 0.76, p<0.01) indicating that the insulin dose was the main determinant of the free insulin concentration. In contrast, the basal C-peptide concentration was higher during the insulin plus glibenclamide than during the insulin plus placebo period (0.21 +0.03 vs 0.16+0.03 nmol/1; p<0.05). Addition of glibenclamide to insulin therapy increased the treatment cost by 30-50%, was associated with increased frequency of mild hypoglycaemic reactions and with a slight, but significant fall in HDL cholesterol concentration (from 1.40_0.07to 1.29 ___ 0.06; p< 0.05) compared with insulin plus placebo. We conclude that in Type 2 diabetic patients, who have failed on treatment with oral hypoglycaemic agents, the combination of insulin and glibenclamide resulted in slightly improved glycaemic control and allowed reduction of the insulin dose. The price for this improvement was higher treatment costs, more (mild) hypoglycaemic reactions and a marginal fall in the HDL cholesterol concentration. Whether the same effect could have been achieved with divided insulin doses in all patients is not known.
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Secondary failure to treatment with oral hypoglycaemic agents is a common problem in the management of patients with Type 2 (non-insulin-dependent) diabetes mellitus, occurring with an annual rate of about 5-10% [1, 2] . Insulin therapy has been the treatment of choice in these patients, but excessive insulin doses resuiting in weight gain are frequently required to control the hyperglycaemia [3] . In the search for alternative treatments, special interest has in the past years been focused on the combination of insulin and sulfonylureas [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Although most of these studies demonstrated a beneficial effect on glycaemic control during short term therapy [6] [7] [8] [9] [10] [11] [13] [14] [15] two studies suggested that the effect may be attenuated with time [7, 12] . One could also argue that no attempts were made to optimise insulin therapy before starting combination therapy in the patients.
Controversies also remain as to the mechanism(s) by which the addition of sulfonylurea to insulin therapy improves the glucose control in a Type 2 diabetic patient. In the beginning of the sulfonylurea era, these compounds were added to insulin therapy in the hope that they would stimulate insulin secretion [16] [17] . In addition to their effect on insulin secretion, sulfonylureas have been thought to improve glucose control by extrapancreatic mechanisms [18] resulting in potentiation of the effect of insulin. This concept provided the theoretical basis for the renewed interest in combina-tion therapy. However, studies which have examined the mechanisms of action of combination therapy have not provided support for such extrapancreatic effects [7, 9, 191 . Type 2 diabetes is characterised by two major defects, enhanced hepatic glucose production in the basal state, resulting in an elevated fasting plasma glucose concentration, and impaired glucose disposal by peripheral tissues resulting in elevated postprandial plasma glucose concentrations [20] [21] [22] [23] . Optimal control of glucose in a patient with Type 2 diabetes would require normalisation of both these defects. Previous studies did not quantify the relative effectiveness of combination therapy on fasting and postprandial glucose concentration.
To examine the effect of addition of glibenclamide to insulin therapy on glycaemic control and B-cell function, we randomised sixteen Type 2 diabetic patients, who had failed on treatment with oral hypoglycaemic agents, to a twelve-month double-blind crossover study, in which the effect of combination therapy was compared to the effect of insulin plus placebo. The cross-over design including placebo and two wash-out periods allowed us to exclude the possibility that changes in the measured variables would have been a time-related phenomenon.
Subjects and methods

Subjects
Sixteen Type 2 diabetic patients who had failed on treatment with maximum doses of oral hypoglycaemic agents were included in the study. None of the patients had secondary diabetes or clinical evidence of hepatic, renal or pulmonary dysfunction. One patient was treated for coronary heart disease and three patients for hypertension. One patient was excluded from the study after having a compression fracture of the femoral neck with subsequent thrombotic gangrene of the leg. The clinical data of the patients are shown in Table 1 . The patients gave informed consent and the study protocol was approved by the Ethical Committee of the Fourth Department of Medicine, Helsinki University Central Hospital.
Experimental protocol
All patients were admitted to the hospital for confirmation of the diagnosis of secondary drug failure, which was defined as fasting plasma glucose repeatedly above 11 retool/1. Thereafter, treatment with oral hypoglycaemic agents was discontinued and insulin therapy instituted. Ten patients received one dose, five patients two doses of intermediary-acting insulin daily and two patients used a mixture of intermediary-and short-acting insulin in the the morning ( Table 1) . The patients remained in the hospital for two weeks, during which period they were given dietary instructions and were taught insulin injection technique and home monitoring of blood glucose. After discharge from hospital the patients were seen every two weeks in the Outpatient Metabolic Unit and the insulin dose was adjusted with the goal to achieve fasting plasma glucose < 8.0 mmol/l and HbAa concentrations < 9%. At the end of this ("basal") insulin treatment period, the patients were randomised to a double-blind treatment with insulin in combination with glibenclamide ("IG-period", n= 8) or insulin and placebo ("/P-period", n= 8) for four months. Identical-looking glibenclamide (5 mg) or placebo tablets were given thrice daily. A one-month wash-out period (insulin and placebo) followed, after which the patients crossed over to the alternate treatment for another four months followed by a second one-month wash-out period. During the entire study period the patients visited the Outpatient Unit every 2-4 weeks, or more often if necessary. The patients obtained new, coded vials containing tablets every 4 weeks when they returned the previous vial.
The glibenclamide or placebo dose was kept constant throughout the study while the insulin dose was adjusted to achieve fasting blood glucose concentration < 8.0 mmol/1 and HbA1 concentrations <9%. The insulin dose was, however, not divided during the crossover periods except for the 5 patients who had two dally doses of in- At each regular visit body weight was recorded and fasting concentrations of plasma glucose, glycohaemoglobin (HbA0, total cholesterol, HDL cholesterol and triglycerides were measured. Urine was collected for 24 h for determination of glucose excretion.
B-cell function was assessed by measuring C-peptide concentrations before and 6 min after an intravenous injection of 1 mg of glucagon (Novo Research Institute, Bagsvaerd, DK). This test was performed once during treatment with oral hypoglycaemic agents and during the basal and wash-out periods and twice during the IG-and IP-periods. B-cell function was further assessed by measuring Cpeptide response to a standard test meal once at the end of the basal period and twice during the IG-and IP-periods. Serum free insulin concentrations were measured in the fasting state and at 30, 60 and 120 rain after the test meals during the IG-and IP-periods. The test meal consisted of 20 g of whole wheat bread, 6 g margarine, 40 g cheese, 100 ml low-fat milk, 120 ml orange juice and a cup of coffee (1600 kJ). Blood was drawn for plasma glucose and serum C-peptide determinations at -30, 0, 30, 60, 90, 120 and 180 min of the meal. All the tests were carried out at 08.00 hours after a 12-h fast. The patients received their last medication (glibenclamide or placebo) before dinner of the evening before.
The patients monitored blood glucose at home every morning and once a week four times a day (before breakfast, before lunch, after dinner and at bed time) with a glucose oxidase strip (Visidex II, Ames Division, Miles Laboratories, Elkhart, Ind, USA).
Assays
Plasma glucose was measured by a hexokinase method (Boehringer Mannheim, Marmheim, FRG) and urine glucose by polarimetry. HbA1 concentration in blood was determined by cation exchange microcolumn chromatography (Isolab, Akron, Ohio, USA). The normal range for HbA1 concentration was 5.5-7.1%. Serum cholesterol and triglyceride concentrations were measured enzymatically (Boehringer Mannheim) and serum HDL cholesterol after ultracentrifugation as previously described [24] . Serum C-peptide concentration was measured by radioimmunoassay [25] using antibody M1230 (Novo). The sensitivity of the assay was 0.02 nmol/1. The coefficient of variation was 3% for a C-peptide concentration of 0.13 nmol/1 and 11% for a concentration of 1.4 nmol/1. Serum free insulin concentrations were measured by radioimmunoassay after precipitation of insulin antibodies with acidification and addition of polyethylen glycol [26] . Interassay coefficient of variation was 9%.
Statistical analysis
All data are expressed as means_+ SEM. The significance of difference between treatments was tested by multivariate analysis of variance for repeated measurements using a computer program. This program tested the effects of treatment, time and randomisation. Since there was no significant effect of randomisation, the data from identical treatment periods are presented together. After the first month there was no significant effect of time within a given treatment period. For the purpose of clarity both time-related data (Figs.1 and 2) and pooled means (Tables 2-4) are presented from each treatment period 9 Differences in the frequency of hypoglycaemic reactions were tested by Z 2 test. Correlations were tested by linear regression analysis.
Results
The effect of insulin therapy
The mean insulin dose at the end of the basal insulin treatment period was 32 + 3 IU/day (0.42 + 0.03 IU. kg body weight -1. day -1; Table 1 ). With insulin therapy there was a significant increase in body weight from 70.3+2.8 to 74.5+2.9kg (p<0.01). Starting insulin therapy resulted in a marked reduction in fasting plasma glucose, HbA1 and 24 h urine glucose concentrations (all p<0.001; Table 2 ). Despite the improvement of metabolic control, insulin treatment resulted in a significant reduction in both basal (from 0.3 + 0.04 to 0.10___ 0.02 nmol/1; p < 0.001) and glucagon-stimulated serum C-peptide concentrations (from 0.50 + 0.08 nmol/1 to 0.19 + 0,09 nmol/1; p< 0.001; Table 3 ). There was a significant reduction in serum triglyceride concentrations after starting insulin therapy (p<0.05; Table 4 ), whereas total cholesterol concentrations remained unchanged. HDL cholesterol was measured in only four patients before insulin therapy and in those patients insulin treatment was associated with a 30% increase of the HDL cholesterol concentration.
Comparison between insulin plus glibenclamide (IG-period) and insulin plus placebo (IP-period)
Insulin dose. The mean insulin dose (average from the entire period) was lower during the IG-period than 
Glycaemic control The change in glycaemic control
over time in relation to treatment is shown in Figure 1 and mean concentrations from each period in Table 2 . The combination of insulin and glibendamide resulted in significantly lower fasting plasma glucose (p< 0.05), HbAt (p< 0.001) and 24 h urine glucose concentrations (p< 0.05) than the combination of insulin and placebo. Likewise, home-monitored fasting (7.4_+0.5 vs 9.1 _+ 0.6 mmol/1; p< 0.01) and mean blood glucose concentrations (mean of four measurements per day; 7.4_+ 0.3 vs 8.1 _+ 0.5 mmol/1; p< 0.02) was lower during the IGthan during the IP-period. However, postprandial blood glucose values measured at home after dinner did not significantly differ between the IG-and the IPperiods (8.0-+_ 0.6 vs 8.8 _+ 0.7 mmol/1). Mild hypoglycaemic reactions were reported more often during the IG-period (by 13 patients; 6.1+__1.0 times per patient) than during the IP-period (by 8 patients, 2.6 _+ 1.0 times per patient) (p< 0.01). No severe hypoglycaemic reactions requiring medical treatment occurred.
The plasma glucose response to the test meal tended to be lower during the IG-than during the IPperiod at 2 months (p= 0.06; Fig. 2 ) but this difference B-cell function. Independent of treatment added (glibenclamide or placebo) the basal and post-glucagon C-peptide concentratiOns were higher during the crossover periods than during the basal insulin period (p< 0.01-0.05), suggesting time-related recovery of B-cell function ( Table 3) . The basal C-peptide concentration was significantly higher during the IG-than during the IP-period (p< 0.05). The mean C-peptide response to the test meal increased significantly from 0.19 _+ 0.01 nmol/l at the end of the basal period to 0.36+ 0.02 nmol/1 during the IG-period (p< 0.005). This value was, however, not significantly higher than that obtained during the IP-period (0.28 + 0.01 nmol/1). The fasting and postprandial free insulin concentrations did not significantly differ between the IG-and IP-periods. There was a strong positive correlation between daily insulin dose and fasting free insulin concentration (r=0.76; p<0.001) and between the morning insulin dose and the free insulin concentrations measured after the test meal at 08.00 hours (r= 0.77; p< 0.001). These relationships indicate that the insulin dose was the major determinant of the serum free insulin concentration in these patients.
The reduction in HbAt concentration during the IG-period (difference between the IG-and IP-periods) correlated inversely with the increase in basal C-peptide concentration during the IG-period (difference between the IG-and IP-periods; r=-0.50; p<0.05). There was also a modest inverse correlation between the suppression of post-glucagon C-peptide after starting insulin (difference between the treatment with oral hypoglycaemic agents and the basal insulin treatment period) and the stimulation of post-glucagon C-peptide after adding glibenclamide to insulin treatment (difference between the IG-and the basal period; r=-0.54; p< 0.05). This suggests that glibenclamide could, at least partly, overcome the suppression of endogenous insulin secretion caused by exogenous insulin.
Serum lipids. Serum triglyceride concentrations during
the IG-and IP-periods did not differ significantly from each other (Table 4 ) but they were higher during the IG-period than during the basal period (p< 0.01). Total serum cholesterol concentations were not influenced by changing the treatment. However, the HDL cholesterol concentration was lower during the IG-than during the IP-period (p< 0.05).
Serum triglyceride concentrations correlated positively with basal C-peptide concentrations during both the IG-(r=0.63; p<0.01) and the IP-periods (p< 0.001) whereas HDL cholesterol concentrations correlated inversely (IG-period r= -0.72; p< 0.01; IP-period r= -0.56; p<0.05) with the basal C-peptide concentrations (Fig. 3) .
Discussion
In our patients previously treated with oral hypoglycaemic agents, starting insulin therapy None resulted in a marked improvement of glycaemic control. When glibenclamide later was added to insulin, glycaemic control further improved. When, on the other hand, placebo instead of glibenclamide was added to insulin, glycaemic control was similar to that obtained with insulin alone. The improvement of glycaemic control after addition of glibenclamide allowed a reduction of the insulin dose by 25%. In contrast, after addition of placebo to insulin, the insulin requirement was the same as during treatment with only insulin. According to the protocol the insulin dose was increased if the fasting plasma glucose concentration was over 8 mmol/1. Despite a significant increase in the insulin dose during the insulin plus placebo period, we were not able to achieve the treatment goal in all patients. Simply increasing the morning insulin dose was, therefore, not sufficient to control fasting hyperglycaemia in all patients. It is, though, quite possible that by using two or more insulin injections in all patients, the fasting plasma glucose concentration could have been lowered to the same level as seen after addition of glibenclamide. This was, however, not included in the design of this study. However, if one compares treatment with one versus two daily insulin doses, the results in these two groups were identical (e. g. HbA1 values for 1 dose and 2 doses, respectively, were during the IPperiod 9.1 and 9.2% and during the IG-period 8.3 and 8.2% respectively).
In the present study the fasting plasma glucose concentration improved more than the postprandial glucose concentration, and this was further associated with a marked reduction in the HbA1 concentration. Our data thus agree with two recent reports [9, 15] which showed lower fasting blood glucose and HbAa concentrations after four months of combined insulin and glibenclamide treatment in poorly controlled Type 2 diabetic patients. In keeping with our findings they did not observe any significant effect of the combination therapy on the oral glucose tolerance. Combination therapy, therefore, seems to influence fasting more than postprandial plasma glucose concentrations.
There is a strong positive correlation between fasting plasma glucose concentration and basal hepatic glucose production in diabetic patients [20-23, 27, 28] . Attempts to lower fasting plasma glucose should, therefore, include means to suppress hepatic glucose output. Sulfonylureas have been shown to suppress hepatic glucose production either directly or by stimulation of insulin secretion [27] [28] [29] . Although hepatic glucose production was not quantified in this study, greater suppression of hepatic glucose production during the IG-than during the IP-period most likely explains the difference in fasting plasma glucose concentrations between the two treatment periods. The liver is very sensitive to small increments in portal insulin; and hepatic glucose production is supressed by 50% when portal insulin levels are raised with only 10 mU/1 [30] [31] [32] . The basal free insulin concentration was, however, virtually similar during the two periods. It should be noted that the insulin dose was reduced by 25% during the IG-period compared with the IP-period. As shown by the strong positive correlation between the insulin dose and the serum free insulin concentration, the insulin dose is the major determinant of the free insulin concentration. Furthermore, subcutaneously injected insulin passes through the circulation before it reaches the liver, and the serum free insulin concentration is, consequently, a poor measure of portally-secreted insulin. Basal C-peptide concentrations, on the other hand, represent a fairly reliable measure of endogenous insulin secretion [33] . Addition of glibenclamide to insulin caused a slight, but significant increase in the fasting C-peptide concentration. These data indicate that more insulin was secreted in the postabsorptive state during the IG-than during the IP-period. In fact, the reduction in HbA1 during the IG-period was inversely correlated with the increase in fasting C-peptide concentration indicating that stimulation of basal insulin secretion contributed to the improvement in glycaemic control.
Starting of insulin therapy resulted in a marked reduction of basal C-peptide concentration. Part of this decrease can be accounted for by lower ambient plasma glucose concentrations [34] . Inhibition of insulin secretion by exogenous insulin serves as another explanation [35, 36] . The fact that the plasma glucose concentration was similar, whereas the C-peptide concentration was greater during the IP-than during the basal insulin period could suggest that inhibition of insulin secretion by exogenous insulin is more important than the effect of the prevailing glucose concentration. Partial recovery of insulin secretion with time could serve as another explanation. The addition of an insulinotropic sulfonylurea seemed to accelerate this recovery. In fact, the increase in the basal C-peptide concentration during the IG-period correlated inversely with reduction of the C-peptide concentration after starting insulin therapy. This suggests that the greater the inhibition by exogenous insulin, the greater was the stimulation of insulin secretion by glibenclamide [37] .
Postprandial plasma glucose response, on the other hand, is mainly determined by the total body glucose uptake, which reflects glucose uptake by muscles [38] . We could not demonstrate any significant improvement in postprandial glucose tolerance after adding glibenclamide to insulin. However, one should keep in mind that the Michaelis' constant (approximately 120 mU/1) for stimulation of peripheral glucose uptake by insulin is much higher than that for inhibition of hepatic glucose output [39] . The serum free insulin concentrations achieved after the test meal (46 to 55 mU/l) were clearly below this level. As a consequence of the reduced insulin dose, the post-meal free insulin concentrations tended to be lower during the IG-than during the IP-period. Premeal administration of short acting insulin would most likely be necessary to In keeping with the present results, we already in an earlier study have shown a significant increase in the Cpeptide response to meals, which was, however, not associated with improved meal glucose tolerance [7] . Although we did not measure glucose uptake or insulin sensitivity in this study, two previous studies failed to demonstrate any effect of combination therapy on insulin sensitivity or peripheral glucose uptake [7, 9] . It is, therefore, unlikely that extrapancreatic mechanisms would play a major role in the improvement of glycaemic control observed during combination therapy. The better glycaemic control observed during the IG-as compared to the IP-period was, however, associated with a small reduction of plasma HDL cholesterol concentration. Furthermore, the HDL cholesterol concentration was inversely correlated to the C-peptide concentration, i.e. the higher the C-peptide, the lower the HDL cholesterol concentration (Fig. 3) . The reduction of HDL cholesterol concentration during the IG-period could, therefore, be a consequence of, or related to, the increase in basal C-peptide concentration. The question remains whether this small decrease in HDL cholesterol concentration has an influence on cardiovascular morbidity and mortality.
Another side effect of combination treatment observed in this study was more frequent hypoglycaemic reactions. The hypoglycaemic episodes were reported mainly during the first four to eight weeks of the IGperiod and they disappeared after reduction of the insulin doses. No sustained or severe hypoglycaemic reactions requiring treatment were observed.
Finally, the cost of combination therapy compared to treatment with a higher dose of insulin deserves some comment. Addition of three tablets of glibenclamide will increase treatment costs by about 70%. A reduction of the insulin dose by 25% would decrease the additional costs to about 50%. If multiple injections were to be used to achieve the same goal, the difference would be even less, about 30%. Against this, one has to consider the economical benefits of better disease control.
In conclusion, during the clinical conditions used in this study we observed that patients with Type 2 diabetes had better glycaemic control with a smaller total insulin dose when glibenclamide instead of placebo was added to insulin. Since the design of the study did not include change in the mode of insulin treatment after the basal period, it is not known whether the same effect could have been obtained by dividing the insulin dose in all patients. The improvement in glycaemic control was primarily seen in the fasting state and was most likely a consequence of better suppression of hepatic glucose production by enhanced basal insulin secretion. This improvement in glucose control was, however, associated with a modest reduction in HDL cholesterol concentrations and an increased frequency of mild hypoglycaemic reactions.
